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ABSTRACT 


A finite-element stress analysis is performed on Helios filament- wound hydrogen tanks to examine the 
stress field and effect of end dome geometry on the stress field. Each tank is composed of a central circular 
cylindrical section with either geodesic or hemispherical end domes, which have metallic polar bosses. 
The tanks are subjected to combined and separate internal pressure and temperature loading conditions, 
and the stress contributions of each loading component are examined. The tank- wall-polar-boss interfacial 
meridional tensile stress in the hemispherical dome is found to be approximately 27 percent lower than that 
in the geodesic dome. The effects of both material anisotropy and the aluminum lining on the intensities of 
tensile meridional stress at the tank- wall-polar-boss bonding interface are examined. 
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radius of tank circular cylindrical section, in. 
aluminum 

outer radius of polar boss, in. 

length of polar boss, in. 

depth of tank end dome, in. 

modulus of elasticity, lb/in 

hoop (6) modulus of elasticity, lb/in 2 

meridional ( 0 ) modulus of elasticity, lb/in 2 

length of tank circular cylindrical section, in. 

hoop panel load, lb/in. 

meridional panel load, lb/in. 

internal pressure, lb/in 

cylindrical coordinates 

thickness of polar boss wall, in. 

thickness of tank wall, in. 

temperature, °F 

coefficient of thermal expansion, in/in °F 

hoop coefficient of thermal expansion, in/in °F 

meridional coefficient of thermal expansion, in/in °F 

helix angle, measured from the generatrix of cylinder, deg 

tank wall radial displacement (in cylindrical coordinate system), in. 

tank wall axial displacement in z-direction, in. 

Poisson’s ratio 

Poisson’s ratio associated with meridional (0) and hoop (0) directions 
density, lb/in 
hoop stress, lb/in 2 
meridional stress, lb/in 2 



INTRODUCTION 


The Helios prototype unmanned aerial vehicle (UAV), pictured on the cover of this report, is a 
solar-powered, ultralightweight, high-altitude (to 100,000 ft), long duration flying wing. During the day 
the aircraft is powered by solar energy, and at night it is to be powered by a unique fuel cell system. 
This system requires lightweight tanks containing both the hydrogen and oxygen constituents of the fuel 
cell. Through the use of an electrolyzer, excess electrical energy, generated by the solar cells during the 
day, is used to disassociate water molecules. The resulting oxygen and hydrogen gases are then 
accumulated in separate tanks. At night, when the solar cells stop producing electricity, the process is 
reversed. The oxygen and hydrogen gases are fed into the fuel cell, which produces electricity, water, 
and heat. The electricity is used to power the Helios until the following morning when the solar cells take 
over and the power cycle starts all over again. If this concept is successfully demonstrated, Helios flights 
could last for several months and could induce a new generation of long duration aircraft called 
atmospheric satellites. 

Because the hydrogen tank volume is 2.25 times larger than the oxygen tank volume, weight is a 
critical factor for the Helios. The tanks required for both hydrogen and oxygen storage, therefore, must be 
as light as possible. Filament-wound pressure vessels, which are as much as 50 percent lighter than 
comparable all-metal tanks, have been proposed for use as the hydrogen and oxygen gas storage tanks 
(refs. 1-9). 

During operation, each Helios filament-wound tank (a short cylindrical section with geodesic end 
domes) will be subjected to internal pressure and high-altitude cooling. As a result, the tank wall will be 
subjected to a biaxial tensile stress field. At the boundary of the circular cylindrical polar boss, the 
tension-carrying fibers cannot follow the diameter of the polar boss; they can be only tangent to the outer 
surface of the polar boss. Therefore, tension-carrying filaments carry the hoop stress at the boss boundary, 
and the interfacial meridional tensile stress (which becomes radial at the polar opening) is carried by the 
matrix. Because the matrix has relatively low tensile strength, the polar boss geometry must be designed to 
reduce the interfacial meridional tensile stress. One design approach is to develop a flanged polar boss and 
lap bond it to the wall of the filament- wound tank, which would transfer a portion of the meridional tensile 
stress into shear stress. This approach could eliminate potential leakage or bursting near the 
tank-wall-polar-boss bonding region. This approach was used in the preliminary design of scale model 
tanks. During the proof tests, however, a gas leakage occurred at the polar boss and composite bonding 
region, resulting in a tank burst initiated at the polar boss region. Therefore, a thorough understanding of 
the structural behavior of filament- wound pressure vessels with polar boss openings is crucial. 

A finite-element stress analysis has been performed on proposed Helios filament-wound hydrogen 
tanks to examine the stress field and effect of end dome geometry on the stress field, particularly at the 
tank-wall-polar-boss bonding interface. Hydrogen tanks are larger and more critical than oxygen tanks. 
This report provides basic information concerning the structural behavior of Helios filament-wound 
hydrogen tanks with geodesic or hemispherical end domes. 

FILAMENT-WOUND PRESSURE VESSELS 

Because of high tensile strength in the fiber direction, thin filaments are good candidates for the 
fabrication of high strength and lightweight pressure vessels. For example, the ultimate tensile strength of 


2 



T-1000 carbon filaments can exceed 1,000,000 lb/in 2 (refs. 1,2). To fully benefit from the ultrahigh 
unidirectional strength of the filaments, however, winding the filaments in the direction of the maximum 
principal stress is essential. This task is accomplished by winding the filaments on a mandrel in such a 
manner that the angle of the wrap (helix angle, measured from the meridian) is in the direction of the 
maximum stress. During the winding of the filaments, uniform tension is applied and the filaments are 
impregnated with resin. After curing, the filaments and resin will develop sufficient shear strength to attain 
the high tensile strength of the fibers in the form of a composite structure. After the mandrel is removed, 
the resulting composite shell structure will have an exceptional strength-to-weight ratio, as much as 
50 percent lighter than a comparable all-metal tank (refs. 1-9). 

In addition to providing a structure of high strength-to-weight ratio, this manufacturing procedure 
offers other advantages. For example, the shell connection can be eliminated, and the cylindrical 
section, end closures, skirt, and so forth, can be fabricated as a single unit. These integral end closures 
allow the precise design of pressure cylinders of various proportions over a wide range of sizes and 
loading conditions. 

In closed-end cylindrical pressure vessels, the ratio of hoop stress to longitudinal stress acting in 
the wall is 2 to 1, but in spherical vessels, the ratio of hoop stress to meridional stress acting in the wall is 
1 to 1 (equal-biaxial or isotropic stress field). Thus, in metal pressure vessel design, the spherical vessel 
is more advantageous than the cylindrical vessel because of the isotropic stress field. In the design of 
metallic cylindrical vessels, the cylindrical wall thickness must be able to withstand the hoop stress even 
though the longitudinal stress is only one-half of the hoop stress. Because metals are essentially isotropic 
in strength, the product of operating pressure and volume capacity for each unit weight of material is less 
for a cylindrical vessel than for a spherical vessel for a given peak stress. 

When the remarkably high unidirectional tensile strength of the filaments is used, designing a 
filament-wound pressure vessel to attain maximum performance efficiency is possible. For this purpose, 
three basic filament winding systems usually are used: longitudinal, circumferential, and helical. A helix is 
a geodesic of a cylindrical surface, which will turn into a straight line if the cylinder is unfolded into a 
plane. Longitudinal and circumferential winding systems provide only unidirectional reinforcement. 
The helical winding system can provide biaxial reinforcement of the vessel. For example, in 
filament-wound cylinders, the filament reinforcement can be oriented and proportioned so that the hoop 
strength of the cylinder wall is actually twice the longitudinal strength. This orientation is accomplished by 
winding the filaments at the optimal helical winding angle (j8 = tan -1 a/ 2~~ = 54.7356 deg) measured 
from the generatrix (a straight line parallel to the longitudinal axis) of the cylindrical surface (refs. 10, 1 1). 

During the winding of an integral end dome closure for a cylindrical pressure vessel, the so-called 
isotensoid dome shape is quite popular. This dome geometry is mathematically determined and looks like 
a modified oblate spheroid (a surface formed by the rotation of an ellipse about its minor axis). 
When winding over the isotensoid domed vessel under the optimal helical winding angle, the filaments 
will trace a geodesic of the curved surface, and every filament, regardless of its location in the structure, 
is subjected to the same constant tensile stress (isotensoid) (refs. 12,13). The geodesic is a curve of 
minimum length joining a pair of points on a given curvilinear surface. The geodesics of the cylindrical 
and spherical surfaces are the helix and great circle (the geodesic of a sphere), respectively. 

Another type of mathematically determined dome geometry is the so-called planar-wound dome 
(refs. 12, 13), over which the winding filaments lie in the same plane. This type of dome will resist internal 
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pressure loads without contributions from the resin; however, it is not isotensoid and is not examined in 
this report. During the winding of a spherical pressure vessel, because of the isotropic stress field, the 
so-called circumpolar (or great circle) system can be used to cause each filament to essentially describe a 
perfect hoop around the sphere (ref. 9). 

FINITE-ELEMENT ANALYSIS 

The structural performance and resizing (SPAR) program (ref. 14) was used in the finite-element 
analysis of the hydrogen tanks. The analysis examines the stress fields induced in the hydrogen tanks, 
structural deformations, and the intensities of the tensile meridional stress (debonding stress) induced at 
the tank- wall-polar-boss bonding interface, which is the most critical region. 


Geometry 

Helios hydrogen tanks (figs. 1 and 2) are filament-wound structures without metal lining. Tank 
dimensions are indicated in the figures. Each tank is composed of a central circular cylindrical section with 
either geodesic (fig. 1) or hemispherical (fig. 2) end domes. The poles of the domes have circular polar 
openings to which metallic polar bosses are bonded for the transfer of hydrogen gas. 


Cases Analyzed 

Two types of tank geometry were analyzed. Tank type 1, a Helios hydrogen tank with geodesic end 
domes, is an oblate spheroid, which has a surface formed by the rotation of an ellipse about its minor axis 
(fig. 1). Tank type 2 is a Helios tank with hemispherical end domes (fig. 2). In this analysis, the 
multilayered filament- wound tank wall was treated as one of the following: 

1. Quasi-isotropic tank, in which both the cylindrical section and end domes have quasi-isotropic 
walls. 

2. Hoop-reinforced tank, in which the hoop strength of the cylindrical section is doubled (that is, 
Eq - 2 Eq), and the end domes have quasi-isotropic walls. 

3. Quasi-isotropic tank with lining, in which 0.014-inch-thick aluminum lining is added to the 
quasi-isotropic tank (case 1). 

Note that the meridional (longitudinal) and hoop stress (<7^ = pa/2t s , <Jq = pa/t s ) induced in the 
cylindrical wall section are independent of material properties. The hoop reinforcement in case 2, 
however, affects the tank wall radial displacement in the cylindrical section. 

Finite-Element Modeling 

Because of symmetry, only one-quarter of a tank was modeled. Figures 3 and 4 show the 
finite-element models of the Helios hydrogen tanks with geodesic and hemispherical domes, respectively. 
These plots were generated from the one-quarter tank models, and the respective mirror images were 
added to form the half-tank plots. The tank and polar boss walls were modeled with a single layer of 
quadrilateral combined membrane and bending elements (E43 elements). The plug at the inner or outer 
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end of the polar boss was modeled with a single layer of triangular combined membrane and bending 
elements (E33 elements). Table 1 lists the size of each one-quarter tank model. 


Table 1. Size of each one-quarter 
tank finite-element model. 

Item 

Number 

JLOC 

933 

E43 elements 

930 

E33 elements 

30 


Materials 

The polar boss material was either aluminum or stainless steel, which has a lower coefficient 
of thermal expansion than aluminum has. Table 2 lists the material properties for input to the 
finite-element models. 


Table 2. Material properties. 




Composite walls 
(quasi-isotropic) 

Polar boss 
(aluminum) 

Polar boss 
(stainless steel) 1 ^ 

E(= E , = 

Eg), lb/in 2 

17.42 x 10 6 

10.5 x 10 6 

29.00 x 10 6 

v(= v^ e = 

v e^ 

0.038 

0.23 

0.276 

p, lb/in 3 


0.05984 

0.101 

0.282 

«=(«* = 

- CCq ), in/in °F 

0.75 x 10“ 6 

12.5 x 10” 6 

5.75 x 10" 6 


* Carbon fiber composites. 
^ 17-7 PH stainless steel. 


Loading 

The tanks were subjected to three loading conditions: (1) combined pressure and temperature loading 
(referred to as “p + T” loading), (2) pressure loading only (referred to as “p- only” loading), and 
(3) temperature loading only (referred to as “T-only” loading), in which the internal pressure, p, was 

r\ 

400 lb/in , and the temperature, T, was -120 °F, simulating high-altitude cooling. 

The interiors of the polar bosses were either pressure free (p = 0, with the polar boss inner end sealed) 
or pressurized (with the polar boss outer end sealed and the inner end open to a tank internal pressure of 
p = 400 lb/in 2 ). 
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RESULTS 


This section discusses the results of the finite-element stress analysis of the Helios hydrogen tanks. 
Note that all figures present the data for the cases in which aluminum polar bosses were used. 

Quasi-Isotropic Tanks 

Figures 5-10 show the resulting deformed shapes of the two Helios hydrogen tank types with 
quasi-isotropic walls (and no lining) subjected to the three loading conditions (p + T, p- only, and T-only). 
Each figure shows the magnitude of radial displacement of the cylindrical wall (normal to the z-axis), 8 r , 
and the axial displacement of the polar boss (in the z-direction), S z . In all plots of the radial and axial 
displacement distributions (S r , S z ), each arrow drawn normal to the tank wall contour indicates the 
magnitude of 8 r and 8 Z only, and should not be confused with the actual direction of 8 r or 8 Z . Notice 
that in the p + T and p- only loading cases (figs. 5-8), the radial displacement, 8 r , suddenly increases at the 
cylinder-dome junctures, reflecting increases in the hoop stress, cr 0 , at the same regions. 

In the geodesic dome tank under p + T loading (fig. 5) the radial displacement, <5 r , is slightly 
negative. It is negative because the radial displacement, 8 r , at the cylinder-dome juncture under p- only 
loading (fig. 7) is very small (two order of magnitude smaller than S r at the cylindrical section) and cannot 
overcome the inward radial displacement, 8 r , resulting from T-only loading (fig. 9). This peculiar 
structural behavior (that is, negligible radial displacement at the cylinder-dome juncture) occurs because 
the geodesic dome, under internal pressure, tends to deform into a hemispherical shape, and the bending 
effect tends to constrain the juncture to move outward, resulting in very small S r at the juncture. This 
structural behavior is examined in the Appendix through the use of an isolated geodesic dome subjected 
to p- only loading. In the hemispherical dome tank (figs. 6, 8, 10), this peculiar structural behavior at the 
cylinder-dome juncture does not occur. In the T-only loading cases (figs. 9,10), the dome polar region 
bends inward because of the shrinkage of the metallic polar bosses. 

Figures 11 and 12 show the meridional distributions of tank wall axial displacement, 8 Z , for the two 
types of dome geometry. The polar region axial displacement, S z , of the hemispherical dome is roughly 
50 percent that of the geodesic dome under the p + T and p- only loading conditions. 

The effect of T-only loading (the difference between the p + T and p- only loading curves) causes the 
axial displacement of the polar boss to be less than that of the surrounding wall (p + T loading curves), 
which is why the tank wall appears to slightly bulge in the region surrounding the polar boss (figs. 5, 6). 
The effect of T-only loading on 8 z is very small except in the polar boss region. 

Figures 13 and 14 show the meridional distributions of radial displacement, 8 r , for the two types of 
dome geometry. In the geodesic dome case (fig. 13), the radial displacement, 8 r , sharply decreases and 
becomes slightly negative at the cylinder-dome juncture. In the hemispherical dome case (fig. 14), the 
value of 8 r decreases to one-half at the cylinder-dome juncture. 
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Table 3 lists the displacement of the quasi-isotropic tank wall at critical points for the two types of 
dome geometry. Two sets of data are listed; the upper rows indicate the cases in which the polar bosses 
were not pressurized, and the lower rows (shown in parentheses) indicate the cases in which the polar 
bosses were pressurized ( p = 400 lb/in 2 ). Note that the effects of the polar boss material and internal 
pressure on the tank wall displacement are minuscule. 


Table 3. Quasi-isotropic tank wall displacement at the cylindrical section, 8 r , and polar boss, 8 z . 



Polar boss 

Loading 

8 r , in. 

8 z , in. 

Dome type 

material 

condition 

(cylindrical section) 

(polar boss) 

Geodesic 

A1 

p - only 

0.117 

0.158 




(0.117) 

(0.158) 



T-only 

-0.289 x 10“ 2 

-0.286 x 10" 1 



P + T 

0.114 

0.129 




(0.114) 

(0.130) 


Steel 

p + T 

0.114 

0.143 




(0.114) 

(0.144) 

Hemispherical 

A1 

p - only 

0.117 

0.0862 




(0.117) 

(0.0868) 



T-only 

-0.289 x 10“ 2 

-0.263 x 10" 1 



p + T 

0.114 

0.0599 




(0.114) 

(0.0605) 


Steel 

p + T 

0.114 

0.0721 




(0.114) 

(0.0727) 


( ) p = 400 lb/in 2 applied inside the polar bosses. 


Figures 15 and 16 show the meridional distributions of meridional stress, <7^, for the two types of 
dome geometry. For the geodesic dome (fig. 15), the value of <7^ is constant in the cylindrical zone and 
gradually increases towards the polar boss region. For the hemispherical dome (fig. 16), <7^ is constant 
everywhere except for the small region near the polar boss. The T-only loading tends to increase the values 
of <7^ at the tank- wall-polar-boss interface (see the p + T curves in figs. 15 and 16). 


7 



Figures 17 and 18 show the meridional distributions of hoop stress, Gq, for the two types of dome 
geometry. For the geodesic dome (fig. 17), the value of Gq is constant in the cylindrical zone, decreases 
rapidly to nearly zero at the cylinder-dome juncture, then increases towards the polar boss region, 
and finally decreases slightly at the polar boss. For the hemispherical dome (fig. 18), Gq decreases to 
one-half at the cylinder-dome juncture, and remains constant in the dome region except at the polar boss. 
The T-only loading considerably decreases the values of Gq at the tank- wall-polar-boss interface (see the 
p + T curves in figs. 17 and 18). 

Table 4 lists the stress induced at the polar boss locations in the quasi-isotropic tank walls under 
various loading conditions. The upper rows of data indicate the cases in which the interiors of the polar 
bosses were not pressurized, and the lower rows of data (shown in parentheses) indicate the cases in which 
the polar bosses were pressurized ( p = 400 lb/in 2 ). 


Table 4. Stress at the tank-wall-polar-boss interface for quasi-isotropic tanks. 


Dome type 

Polar boss 
material 

Loading 

condition 

Ofy, lb/in 2 

<Jq , lb/in 2 

Geodesic 

A1 

p - only 

73,000 

(72,920) 

64,120 

(64,410) 



T-only 

4,210 

-13,580 



p + T 

77,210 

77,120 

50,530 

(50,860) 


Steel 

p + T 

74,860 

(74,710) 

58,280 

(58,650) 

Hemispherical 

A1 

p - only 

52,700 

(52,600) 

46,330 

(46,740) 



T-only 

3,380 

-13,240 



p + T 

56,070 

(55,970) 

33,090 

(33,530) 


Steel 

p + T 

54,130 

(54,030) 

40,700 

(41,120) 


( ) p = 400 lb/in 2 applied inside the polar bosses. 


Note that the meridional and hoop stress of the hemispherical dome type are 27 and 35 percent lower, 
respectively, than that of the geodesic dome type. Also note that changing the polar boss material from 
aluminum to steel (thus lowering the coefficient of thermal expansion) and applying pressure inside 
the polar boss cavity have very little effect on reducing the tank-wall-polar-boss interfacial meridional 
tensile stress. 
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Hoop-Reinforced Tanks 


Figures 19-24 show the deformed shapes of two types of hoop-reinforced tanks under various loading 
conditions. The radial displacement in the cylindrical sections decreases to approximately one-half of 
that in the quasi-isotropic tank. The geodesic dome type still exhibits the stepwise change of radial 
displacement, 8 , at the cylinder-dome juncture under the p + T and p - only loading conditions (figs. 19 
and 21, respectively). In the hemispherical dome case, however, the stepwise change of radial displacement, 
8 r , completely disappears under the p + T and p - only loading conditions (figs. 20 and 22, respectively). 

Figures 25 and 26 show the meridional distributions of tank wall axial displacement, 8 z , for the two 
types of dome geometry. The 8 r profiles are very similar to those of the quasi-isotropic tanks (figs. 11, 12) 
except at the regions near the polar bosses. 

Figures 27 and 28 show the meridional distributions of tank wall radial displacement, 8 r , for the two 
types of dome geometry. The value of 8 r in the cylindrical regions for the two cases is reduced nearly 
one-half because of the hoop reinforcement (see figs. 13 and 14). 

Table 5 shows the tank wall displacement data for the two types of dome geometry when the hoop 
strength of the cylindrical section was doubled. The data for the quasi-isotropic tanks (from table 3) are 
shown in parentheses for comparison. Note that the differences between the two material types are 
relatively small. 


Table 5. Hoop-reinforced tank wall displacement at the cylindrical section and 
polar boss, <5^. 


Dome type 

Loading 

condition 

8 r , in. 

(cylindrical section) 

5 z ,in. 
(polar boss) 

Geodesic 

p - only 

0.0576 

(0.117) 

0.175 

(0.158) 


T-only 

-0.289 x 10“ 2 
(-0.289 x 10" 2 ) 

-0.268 x 10 _1 
(-0.286 x 10 -1 ) 


p + T 

0.0547 

(0.114) 

0.148 

(0.129) 

Hemispherical 

p - only 

0.0576 

(0.117) 

0.0967 

(0.0862) 


T-only 

-0.289 x 10“ 2 
(-0.289 x 10" 2 ) 

-0.249 x 10 _1 
(-0.263 x 10 -1 ) 


p + T 

0.0547 

(0.114) 

0.0718 

(0.0599) 


( ) Data for the quasi-isotropic tanks (from table 3). 
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The meridional distributions of meridional (figs. 29, 30) and hoop stress (figs. 31, 32) of the 
hoop-reinforced tanks are very similar to those of the quasi-isotropic tanks (figs. 15-18) except at the 
cylinder-dome junctures and the polar boss regions. 

Table 6 lists the data for the interfacial stress at the tank-wall-polar-boss bonding surfaces in the two 
types of hoop-reinforced tanks. The data for the quasi-isotropic tanks (from table 4) are shown in 
parentheses for comparison. Note that in the p + T loading case, the interfacial meridional stress, <7^ , 
decreases by merely 4 percent, and the hoop stress, a increases by roughly 25 percent, for both types of 
dome geometry when the hoop strength is doubled (figs. 31, 32). 


Table 6. Stress at the tank-wall-polar-boss interface in hoop-reinforced tanks. 


Dome type 

Loading 

condition 

Gq, lb/in 2 

Gq , lb/in 2 

Geodesic 

p - only 

73,520 

75,830 



(73,000) 

(64,120) 


T-only 

970 

-13,220 



(4,210) 

(-13,580) 


P + T 

74,490 

62,610 



(77,210) 

(50,530) 

Hemispherical 

p - only 

53,180 

54,290 



(52,700) 

(46,330) 


T-only 

600 

-12,990 



(3,380) 

(-13,240) 


p + T 

53,780 

41,300 



(56,070) 

(33,090) 


( ) Data for the quasi-isotropic tanks (from table 4). 


Quasi-Isotropic Tanks with Aluminum Lining 

The deformed shapes of the quasi-isotropic tanks with 0.014-inch-thick aluminum lining are quite 
similar to the deformed shapes of the tanks without lining (figs. 5-10). Figures depicting the deformed 
shapes of these tanks, therefore, are not presented. 

Table 7 compares the displacement data for the aluminum-lined quasi-isotropic tanks to the 
corresponding displacement data for the tanks without lining (from table 3, shown in parentheses). Note 
that the wall displacement of the aluminum-lined tanks decreases slightly compared to the wall 
displacement of the corresponding quasi-isotropic tanks with no aluminum lining (table 3). 
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Table 7. Wall displacements of aluminum-lined quasi-isotropic tanks at the cylindrical 
section, S r , and polar boss, <5^ . 


Dome type 

Loading condition 

8 r , in. 

(cylindrical section) 

S z ,in. 
(polar boss) 

Geodesic 

p - only 

0.105 

(0.117) 

0.134 

(0.158) 


T-only 

-0.288 x 10“ 2 
(-0.289 x 10“ 2 ) 

-0.352 x 10” 1 
(-0.286 x 10 -1 ) 


p + T 

0.102 

(0.114) 

0.0984 

(0.129) 

Hemispherical 

p - only 

0.105 

(0.117) 

0.0721 

(0.0862) 


T-only 

-0.286 x 10“ 2 
(-0.289 x 10“ 2 ) 

-0.311 x 10 _1 
(-0.263 x 10” 1 ) 


p + T 

0.102 

(0.114) 

0.041 

(0.0599) 


( ) Data for the quasi-isotropic tanks with no aluminum lining (from table 3). 


Table 8 lists the stress induced at the tank- wall-polar-boss interface in the aluminum-lined tanks under 
various loading conditions. The stress in the composite wall and aluminum lining are shown to compare 
the stress sharing. Corresponding data for the quasi-isotropic tanks without lining (from table 4) are shown 
in parentheses. 

Under p + T loading, the aluminum lining reduces the level of tank-wall-polar-boss interfacial 
meridional stress, <7^, by only 10 and 17 percent for the geodesic and hemispherical dome 
types, respectively. Table 9 lists the interfacial panel loads (A/^A/^; stress v thickness) at the 
tank- wall-polar-boss interface calculated from table 8. Under p + T loading, the panel load shares for the 
aluminum lining are 10 and 11 percent for N ^ and Ng, respectively, for both dome types. 


11 



Table 8. Stress at the tank- wall-polar-boss interface in aluminum-lined quasi-isotropic tanks. 


Dome type 

Loading 

condition 


, lb/in 2 


, lb/in 2 



Tank wall 

A1 lining 

Tank wall 

A1 lining 

Geodesic 

p - only 

65,160 

(73,000) 

45,900 

53,960 

(64,120) 

39,000 


T-only 

4,170 

(4,210) 

-5,200 

-13,060 

(-13,580) 

-13,070 


p + T 

69,330 

(77,210) 

40,700 

40,900 

(50,530) 

25,930 

Hemispherical 

p - only 

43,940 

(52,700) 

31,840 

39,290 

(46,330) 

28,490 


T-only 

2,500 

(3,380) 

-5,000 

-12,420 

(-13,240) 

-12,220 


p + T 

46,440 

(56,070) 

26,840 

26,870 

(33,090) 

16,270 


( ) Data for the quasi-isotropic tanks with no aluminum lining (from table 4). 


Table 9. Interfacial panel loads (Nq^Nq) at the tank- wall-polar-boss interface in aluminum-lined 
quasi-isotropic tanks. 


Dome type 

Loading 

condition 

N ^ , lb/in. 

N q, lb/in. 

Tank wall 

A1 lining 

Tank wall 

A1 lining 

Geodesic 

p - only 

5,148 

643 

4,263 

546 


T-only 

329 

-73 

-1,032 

-183 


p + T 

5,477 

570 

3,231 

363 

Hemispherical 

p - only 

3,471 

446 

3,103 

399 


T-only 

198 

-70 

-981 

-171 


p + T 

3,669 

376 

2,122 

228 
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CONCLUDING REMARKS 


A finite-element stress analysis was performed on Helios filament-wound hydrogen tanks with two 
types of end domes. Tank deformations, stress fields, and intensities of the tensile meridional stress 
(debonding stress) induced at the tank-wall-polar-boss bonding interface were examined. The principal 
findings are as follows: 

1. The wall around the polar boss deformed with an apparent “dimple” in both the geodesic and 
hemispherical dome tanks because of the shrinking effect of the metallic end bosses. 

2. Under pressure loading only and combined pressure and temperature loading, the inward axial 
displacement, <5^, of the hemispherical dome tank end boss was roughly one-half that of the 
geodesic dome tank end boss. 

3. For both the geodesic and hemispherical dome tanks, the radial displacement, 8 , of the tank wall 
was much larger in the cylindrical wall region because of greater hoop stress, <Jq . 

4. The stress field in the geodesic dome was nonequal biaxial (Gq^g^). The stress field in the 
hemispherical dome, however, was equal biaxial (Gq = <7 everywhere, except at the 
tank-wall-polar-boss interface region. 

5. The meridional stress, <7^, in the geodesic dome tank increased slightly along the meridian 
towards the polar boss, and then increased considerably as the tank- wall-polar-boss interface was 
approached. In the hemispherical dome tank, however, the meridional stress, <7^, was constant 
along the meridian, except at the tank-wall-polar-boss bonding interface region. 

6. The hoop stress, Gq, in the geodesic dome tank reached infinitesimal value at the cylinder-dome 
juncture because of extremely small hoop expansion at the juncture site. In the hemispherical 
dome tank, however, the meridional distribution of hoop stress, <7 0 , did not have any 
“dented” regions. 

7. The interfacial tensile meridional stress, <7^, at the tank- wall-polar-boss interface of the geodesic 
dome tank was approximately 27 percent greater than that of the hemispherical dome tank in both 
the quasi-isotropic and hoop-reinforced cases. 

8. Doubling the hoop strength reduced the radial displacement but did not reduce the hoop stress in 
both the geodesic and hemispherical dome tanks. 

9. When the end boss material was changed from aluminum to stainless steel, which has a lower 
coefficient of thermal expansion, the interfacial meridional tensile stress, a ^ , decreased by only 
3 percent in both dome types. Furthermore, varying the end boss material did not have much 
effect on reducing the interfacial tensile stress at the tank- wall-polar-boss interface. 

10. The meridional and hoop load shares by the 0.014-inch-thick aluminum lining were approximately 
10 and 1 1 percent for the geodesic and hemispherical dome tanks, respectively. 


Dry den Flight Research Center 

National Aeronautics and Space Administration 

Edwards , California, July 2, 2004 
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FIGURES 



Figure 1. Geometry of Helios hydrogen tank with geodesic domes. 



Figure 2. Geometry of generic Helios hydrogen tank with hemispherical domes. 
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Figure 3. One-quarter tank finite-element model of the Helios geodesic dome tank (mirror image added to 
show one-half of the tank). 
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Figure 4. One-quarter tank finite-element model of the Helios hemispherical dome tank (mirror image 
added to show one-half of the tank). 
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Figure 6. Deformed shape of Helios hemispherical dome tank under internal pressure and temperature 
loading; p = 400 lb/in 2 ; T = -120 °F. 
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p- only 040219 

Figure 7. Deformed shape of Helios geodesic dome tank under internal pressure loading only; 
p= 400 lb/in 2 . 
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Figure 8. Deformed shape of Helios hemispherical dome tank under internal pressure loading only; 
p = 400 lb/in 2 . 
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Figure 9. Deformed shape of Helios geodesic dome tank under temperature loading only; T - -120 °F. 
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Figure 10. Deformed shape of Helios hemispherical dome tank under temperature loading only; 
7= -120 °F. 
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Figure 11. Meridional distributions of axial displacement, 8 Z , of Helios geodesic dome tank wall; 
p= 400 lb/in 2 ; T = -120 °F. 
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Figure 12. Meridional distributions of axial displacement 8 Z of Helios hemispherical dome tank wall; 
p = 400 lb/in 2 ; T = -120 °F. 





Figure 13. Meridional distributions of radial displacement, S r , of Helios geodesic dome tank wall; 
p = 400 lb/in 2 ; T = -120 °F. 
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Figure 14. Meridional distributions of radial displacement, S r , of Helios hemispherical dome tank wall; 
p = 400 lb/in 2 ; T = -120 °F. 
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Figure 15. Meridional distributions of meridional stress, <7^ 
p = 400 lb/in 2 ; T = -120 °F. 


in Helios geodesic dome tank; 



Figure 16. Meridional distributions of meridional stress, <7^, in Helios hemispherical dome tank; 
p = 400 lb/in 2 ; r = -120°F. 
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Figure 19. Deformed shape of Helios geodesic dome tank under internal pressure and temperature loading; 
p = 400 lb/in 2 ; T - -120 °F; hoop-reinforced cylindrical wall. 
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Figure 20. Deformed shape of Helios hemispherical dome tank under internal pressure and temperature 
loading; p = 400 lb/in 2 ; T = -120 °F; hoop-reinforced cylindrical wall. 
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Figure 21. Deformed shape of Helios geodesic dome tank under internal pressure loading only; 
p = 400 lb/in 2 ; hoop-reinforced cylindrical wall. 
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Figure 22. Deformed shape of Helios hemispherical dome tank under internal pressure loading only; 
p = 400 lb/in 2 ; hoop-reinforced cylindrical wall. 
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Figure 23. Deformed shape of Helios geodesic dome tank under temperature loading only; T = -120 °F; 
hoop-reinforced cylindrical wall. 
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Figure 24. Deformed shape of Helios hemispherical dome tank under temperature loading only; 
T = -120 °F; hoop-reinforced cylindrical wall. 
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Figure 25. Meridional distributions of axial displacement, 8 z , of Helios geodesic dome tank wall; 
p = 400 lb/in 2 ; T = -120 °F; hoop-reinforced cylindrical wall. 



Figure 26. Meridional distributions of axial displacement, 8 Z , of Helios hemispherical dome tank wall; 
p = 400 lb/in 2 ; T = -120 °F; hoop-reinforced cylindrical wall. 
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Figure 27. Meridional distributions of radial displacement, 8 r , of Helios geodesic dome tank wall; 
p = 400 lb/in 2 ; T = -120 °F; hoop-reinforced cylindrical wall. 



Figure 28. Meridional distributions of radial displacement, S r , of Helios hemispherical dome tank wall; 
p = 400 lb/in 2 ; T = -120 °F; hoop-reinforced cylindrical wall. 


27 




Figure 29. Meridional distributions of meridional stress, <7^, in Helios geodesic dome tank; 
p = 400 lb/in 2 ; T = -120 °F; hoop-reinforced cylindrical wall. 



Figure 30. Meridional distributions of meridional stress, <7^, in Helios hemispherical dome tank; 
p = 400 lb/in 2 ; T = -120 °F; hoop-reinforced cylindrical wall. 
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Figure 31. Meridional distributions of hoop stress, o^, in Helios geodesic dome tank; 
p = 400 lb/in 2 ; T = -120 °F; hoop-reinforced cylindrical wall. 



Figure 32. Meridional distributions of hoop stress, <Jq, in Helios hemispherical dome tank; 
p = 400 lb/in 2 ; T = -120 °F; hoop-reinforced cylindrical wall. 
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APPENDIX 


DEFORMATIONS OF A GEODESIC DOME 

This section examines a peculiar structural behavior in which a very small radial displacement occurs 
at the cylinder-dome juncture of the geodesic dome tank under pressure loading only and combined 
pressure and temperature loading. For this study, an isolated geodesic dome shell is considered by 
eliminating the effects of both the cylindrical section and polar boss. 

Figure A-l shows the undeformed and deformed shapes of the geodesic dome under pressure loading 
only. The radial displacement of 8 r - 0.305 x 10 -2 in. for the isolated geodesic dome is slightly larger 
than S r = 0.134 x 10 -2 in. for the polar boss (fig. 7). 

Figure A-2 shows the undeformed and deformed shapes of the geodesic dome under combined 
pressure and temperature loading. The cooling effect reduced the radial displacement, 8 , to 

o ' 

0.160 x 10 in., which is nearly zero. By contrast, as shown in figures A-3 and A-4, the hemispherical 
dome does not exhibit this small radial displacement at the cylinder-dome juncture. 


f 8 r = 0.305 xIO -2 in. 



Deformed 
Undeformed 


5 Z = 0.133 in. 


p - only 


Figure A-l. Deformed shape of geodesic dome shell under internal pressure loading only; p = 400 lb/in ; 
quasi-isotropic wall. 
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/ 5 r = 0.160 x 10 -3 in. 



Figure A-2. Deformed shape of geodesic dome shell under internal pressure and temperature loading; 
p = 400 lb/in 2 ; T = - 120 °F; quasi-isotropic wall. 
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Figure A-3. Deformed shape of hemispherical dome shell under internal pressure loading only; 
p = 400 lb/in 2 ; quasi-isotropic wall. 
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Figure A-4. Deformed shape of hemispherical dome shell under internal pressure and temperature loading; 
p = 400 lb/in 2 ; T = - 120 °F; quasi-isotropic wall. 
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